Matrix metalloproteinase 2 (MMP-2) contains three fibronectin type II (col) modules that contribute to its collagen specificity. We observed that the CD spectra of the separate col modules account for the CD and temperature profiles of the in-tandem col-123 construct. Thus, to the extent of not significantly perturbing the secondary structure and thermal stability characteristics of the neighboring units, the domains within col-123 do not interact. Via NMR, we investigated ligand binding properties of the three repeats within col-123: col-123/1 (the col-1 domain within col-123), col-123/2, and col-123/3. Interactions of col-123 with the collagen mimic peptide (Pro-Pro-Gly) 6 (PPG6) and propeptide segment PIIKFPGDVA (p33-42) were studied. While col-123/1 and col-123/2 bound PPG6, they interacted more weakly with p33-42. In contrast, col-123/3 exhibited a higher affinity for p33-42 than for PPG6. Thus, despite their structural homology, the col repeats of MMP-2 differ in substrate specificity. Furthermore the binding affinities toward the three in-tandem col repeats were close to those determined for the individual isolated domains or for col-12/1, indicating that vis-à -vis these ligands each module interacts essentially as an autonomous unit. Interestingly the domains within col-123 exhibited enhanced affinities for Hel3, a construct that contains ((Gly-ProPro) 12 ) 3 in triple helical configuration. Nevertheless the affinities were significantly higher for col-123/1 and col-123/2 relative to col-123/3 in line with their behaviors toward PPG6. This hints at a cooperative participation toward Hel3, which is a closer mimic of collagen, a hypothesis that is supported by the detected lower affinities of col-12/1, col-12/2, col-2, col-23/2, col-3, and col-23/3 for Hel3.
Elevated expression of matrix metalloproteinase (MMP) 1 in malignant tumors has been attributed to their ability to metastasize (1) . In particular MMP-2 and MMP-9 are considered critical in that they both degrade collagen IV, thus facilitating penetration of the basement membranes by tumor cells (2, 3) . Moreover MMP-2 and MMP-9 play important roles in development, tissue remodeling, and inflammation (for a review, see Ref. 4) .
Besides the catalytic and hemopexin domains common to most MMPs, MMP-2 and MMP-9 also contain three in-tandem fibronectin type II (FN2) modules that are positioned within the protease in the vicinity of the active site. In MMP-2, the FN2 modules are ascribed affinities to gelatin, type I and IV collagens, elastin, and laminin (5-10). NMR solution structures of the second FN2 domain of the bovine seminal fluid protein PDC-109 (PDC109/b) (11), the two FN2 repeats from human fibronectin (12) (13) (14) (15) , and the three FN2 modules from human MMP-2 (col-1, col-2, and col-3, respectively) (16 -18) have been reported. In addition, the x-ray crystallographic structure of the intact, ligand-free pro-MMP-2 is also known (19) .
It has been shown that fragments containing two or three consecutive FN2 modules from MMP-2 bind immobilized gelatin stronger than any of the single domains. An earlier study considered the possibility that the three col modules could form a single continuous binding surface (6) . However, the x-ray structure of the latent MMP-2 (pro-MMP-2) shows that its FN2 domains turn outward so that the binding sites face away from each other, suggesting that each module might act independently. Furthermore NMR ligand binding studies on col-2, col-3, col-12, and col-23 with the gelatin-like octadecapeptide (ProPro-Gly) 6 (PPG6) and with the longer analog (Pro-Pro-Gly) 12 (PPG12) preclude cooperativity (16 -18) . Nonetheless the repeats may still interact simultaneously with multiple sites of the extracellular matrix. It also has been shown that a peptide comprising segment 33-42 from the MMP-2 prodomain (p33-42) interacts with col-3 and, to a lesser extent, col-2 (17) .
Here we report on a study of the ligand binding properties of the three col repeats in-tandem (col-123) ( Fig. 1 ) toward the collagen mimics PPG6 and Hel3, the latter affording a triple helical form of peptide GPP12, where the three polypeptide chains are covalently tethered at the C terminus (20) . Finally we investigated the ligand binding of col repeats toward the peptides p33-42, WHWRHR (P225), the C-terminal hexapeptide sequence of a 15-mer originally identified using phage display (21) , and the cyclic peptide CTTHWGFTLC (CTT), previously reported to inhibit the migration of human endothelial and tumor cells (22) .
MATERIALS AND METHODS

Expression and Purification of col Domains-
15 N-Labeled col-1, col-2, col-3, col-12, and col-23 belonged to batches described previously (16 -18) . 15 N-Labeled col-123 (residues 223-394 from human MMP-2) was expressed in Escherichia coli according to the protocol used for col-2 (16) . Expression, isolation of inclusion bodies, and refolding of the proteins were performed essentially as published previously (5). Properly folded, functionally homogeneous modules were purified on a gelatin-Sepharose 4B column using a 0 -8 M urea gradient (6) . The Nterminal tag was partially removed by limited digestion with trypsin (16) . The protein was purified by gelatin-Sepharose 4B chromatography as described above, desalted by Sephadex G-25 gel filtration, and lyophilized.
Synthesis of Peptide Ligands-PPG6, p33-42, P225, and CTT were synthesized on a Model 431A peptide synthesizer (Applied Biosystems, Foster City, CA) using Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry. The collagen-like homotrimeric, triple helical peptide Hel3 was synthesized using a covalent branching protocol described by LauerFields et al. (20) . Our peptide is simpler than that described in the above paper inasmuch as the three individual chains are just 12-fold repeats of GPP. The three chains are covalently linked at the C terminus in the same way as described in the above publication. The overall structure of the triple helical peptide is shown in Structure 1.
CD Analysis of col Domains-CD measurements were performed on a Jasco-715 spectropolarimeter equipped with a PFD 350S Peltier-type temperature controller. Far-UV CD spectra (260 -185 nm) were recorded at 25°C with protein concentrations of 6 -17 M using a 0.5-cm path length cell (Hellma). Melting curves were measured at 222 nm from 5-95°C in a 1-cm cell for samples with protein concentrations of 30 -50 M. All FN2 constructs were dissolved in water (pH 7.0 and pH 8.0 adjusted with NaOH). Concentrations of col modules were determined spectrophotometrically based on tryptophan content.
The temperature-dependent CD at 222 nm can be visualized as the population weighted average of folded and unfolded protein species, assuming cooperative, reversible two-state unfolding. On this basis, the measured melting curve CD(T) can be modeled as,
where CD N (T) and CD U (T) account for the heat capacity-related temperature-dependent contribution of the native and unfolded forms, respectively, to the experimental thermogram. CD N (T) and CD U (T) can be modeled as second order polynomials in T (23) . F U (T) denotes the fraction of protein unfolded at temperature T and can be written as,
where ⌬H vH and ⌬S vH are the van't Hoff enthalpy and entropy, respectively, and R is the gas constant. We also obtain T m ' ⌬H vH /⌬S vH , the associated melting temperature.
In the case of col-1, col-2, and col-3, the experimental data are non-linearly fit to Equation 1 via the Levenberg-Marquardt algorithm using Origin 5.0 software (MicroCal). Assuming that in col-12, col-23, and col-123 the individual modules are autonomous physical domains, they fold independently, and it should be possible to model the experimental data CD(T) as a sum of the individual transitions, each partitioned as in Equation 1 . In practice, it is unfeasible to numerically resolve CD N (T) and CD U (T) for each component of the multimodule constructs. However, one may assume that CD N (T) and CD U (T) are essentially the same for the homologous col domains. With this approximation for our multidomain constructs, we derive,
where N is the total number of domains; ⌬H i vH and ⌬S i vH are the van't Hoff enthalpy and entropy, respectively, of domain i; and the associated melting temperature of domain i is defined at T mi ϭ ⌬H i vH /⌬S i vH . To obtain ⌬H i vH and ⌬S i vH , the experimental data were fit nonlinearly to Equation 3 via the Levenberg-Marquardt algorithm. We then assigned each domain i to a specific component of the multimodule array by reference to the thermal unfolding parameter of the isolated modules.
NMR Spectroscopy and Data Processing-NMR data were acquired at 25°C on 500 or 600 MHz Bruker Avance DRX spectrometers equipped with triple resonance z-gradient probes. The base line was corrected with 
CD Spectroscopy of MMP-2 FN2
Modules-The far-UV CD spectra of col-1, col-2, and col-3 were recorded at pH 7.0 and 8.0 (Fig. 2, a, b, and c) . Qualitatively little pH-dependent change for any of the traces over this range could be detected. Although each col module exhibited a unique CD trace, the positive lobe centered at ϳ225 nm afforded a generic characteristic of FN2 domains. This broad peak is likely to stem from the Trp, Tyr, and Phe aromatic side chain dichroic contributions to the spectrum known to be of positive sign and to appear within the 220 -226-nm range (36) . Since aromatic side chain components are neglected in both the CDsstr version 1.8 (37) and Selcon3 (38) basis sets, it is not surprising that neither algorithm is able to quantitatively assess the col domain secondary structure content from the CD data. However, despite this shortcoming, the CD spectrum provides a valuable fingerprint of the FN2 global fold.
To gauge the extent to which the three MMP-2 FN2 domains are structurally autonomous units, we compared the CD traces of the various col constructs. Far-UV CD spectra of the intandem col-12, col-23, and col-123 were recorded at pH 7.0 (Fig.  2, d, e, and f) . It was shown that, after proper normalization, combined spectra of the individual col modules (Fig. 2, a, b , and c) closely reconstruct the spectra of the respective multidomain constructs. The additive property of the col CD traces concurs with the NMR structural data for col-12 (18) and col-23 (17) further bolstering the hypothesis that both the secondary structure and the global fold of each module are essentially unaltered in the constructs with two or three FN2 modules.
The temperature-dependent CD amplitudes at 222 nm, . Also, to highlight the phase transition, the first derivatives of the processed data are shown (Fig. 3) col-1, col-2, and col-3, respectively (39, 40) .
For the multi-col arrays, the temperature-dependent CD trace was modeled as combinations of independent thermal (Table I) further supporting the absence of domain-domain interactions among the three FN2 domains. Moreover, the second col repeat did not appear to be stabilized in the col-12 and col-123 constructs as suggested previously (39) .
NMR Analysis of col-123-Identification of 1 H and 15 N NMR signals of col-123 was assisted by the reported assignments of col-12, col-2, col-3, and col-23 spectra (16 -18) . The HSQC spectrum of col-123 (Fig. 4) concurs with the spectra of the twodomain constructs, consistent with the hypothesis that the three repeats maintain their individual structural characteristics within col-123 as discussed above.
Interaction of col-123 with PPG6 -With the aim of characterizing how the three consecutive FN2 modules bind gelatin, the interaction of col-123 with PPG6 was investigated. It was determined that the three domains interact with PPG6 with K a values of ϳ0.39, ϳ0.26, and ϳ0.12 mM Ϫ1 for col-123/1, col-123/2, and col-123/3, respectively (Table II) . The binding constant for col-123/1 agrees well with the reported affinities of col-12/1 (K a ϳ 0.42 mM Ϫ1 ) (18) . Direct comparison against the isolated col-1 domain proved unfeasible because of low solubility of col-1 (18) . Likewise the K a value of col-123/3 matches that of the isolated col-3 domain (K a ϳ 0.10 mM Ϫ1 ) and of col-23/3 (K a ϳ 0.11 mM Ϫ1 ) (17) . However, the association to col-123/2 was somewhat weaker than those measured for the isolated col-2 domain (K a ϳ 0.36 mM Ϫ1 ), col-12/2 (K a ϳ 0.38 mM Ϫ1 ), and col-23/2 (K a ϳ 0.38 mM Ϫ1 ) (16 -18) , suggesting a degree of steric interference from the simultaneous presence of the col-1 and col-3 neighbors.
The binding surfaces of col-123 can be mapped through the ligand-induced spectral resonance shifts that mirror structure perturbations upon binding (Fig. 5) . As previously found, the backbone amides that are most perturbed align the hollow at the putative "front" face of the FN2 units that comprise the highly conserved aromatic cluster (Phe 21 CD spectroscopy indicated that, unlike PPG6, Hel3 assumes a triple helical conformation under the experimental conditions of our NMR study (data not shown). Thus, Hel3 affords a closer mimic of the natural substrate of MMP-2 than does PPG6. From the NMR ligand titration experiments (Table II) , each module within the three-domain construct interacted with Hel3 (K a values of ϳ2.09, ϳ2.26, and ϳ1.00 mM Ϫ1 for col-123/1, col-123/2, and col-123/3, respectively) with higher affinity than with PPG6. Also it is revealing that, as observed for PPG6, the first and second repeats showed greater affinity toward Hel-3 than did the third domain.
When the isolated col-2 and col-3 domains were assayed versus Hel3, however, they both manifested lower binding affinities (K a values of ϳ0.99 and ϳ0.29 mM Ϫ1 , respectively) relative to what they exhibited within col-123. Nonetheless it should be noted that the isolated col-2 and col-3 both bound Hel3 more strongly than PPG6 (Table II) . Hence, while Hel3 interacted with col-2 and col-3 more favorably than did PPG6, the occurrence of neighboring domains in the col-123 array seems to enhance the binding.
The contiguous FN2 col-12 and col-23 provided additional controls. Both col-12/1 and col-12/2 bound Hel3 with less affinity (K a values of ϳ0.30 and ϳ0.17 mM Ϫ1 , respectively) than did col-123/1 and col-123/2, respectively. Likewise col-23/2 (K a ϳ 0.34 mM Ϫ1 ) and col-23/3 (K a ϳ 0.07 mM Ϫ1 ) bound more weakly than did col-123/2 or col-123/3. In contrast, the isolated col-2 interacted more strongly with Hel3 than did col-12/2 or col-23/2. A similar trend was observed with col-3; namely col-3 showed a higher K a toward Hel3 than did col-23/3.
Interaction of col-123 with p33-42-The x-ray structure of pro-MMP-2 indicates that the prodomain interacts with the third FN2 module by inserting Phe 37 into the col-3 hydrophobic pocket and forming hydrogen bond and salt bridges linking Ile 35 and Asp 40 to the col-3 Gly 33 and Arg 34 . From earlier NMR evidence this was interpreted to suggest that the interaction of the prodomain with col-3 mimics gelatin binding (19) . NMR ligand titration experiments of the second and third FN2 domains against peptide p33-42, corresponding to segment 33-42 of the prodomain, provided support for this hypothesis (17) . Furthermore it was shown that the affinity of col-3 for p33-42 (K a ϳ 0.61 mM Ϫ1 ) is 10-fold that of col-2 for the same ligand (K a ϳ 0.06 mM Ϫ1 ) (17) . To further characterize the binding specificity of the col modules of MMP-2, col-123 was titrated against p33-42. It was observed (Fig. 6 ) that the col-123 residues whose backbone amides were perturbed upon p33-42 binding include residues of the conserved aromatic clusters (Phe 21 , Trp 40 , and Tyr 47 ) and their surrounding region (residues 31-37). The binding patterns of col-123/2 and col-123/3 are similar to those reported for the single domains (17) . Additional residue shifts were observed in the peptides bridging col-1 to col-2 and col-2 to col-3, possibly reflecting altered dynamics of the flexible linkers upon ligand binding. From the ligand titration profiles it was also determined that the first domain binds with K a ϳ 0.17 mM Ϫ1 , and the binding affinities of the second (K a ϳ 0.10 mM Ϫ1 ) and third (K a ϳ 0.53 mM Ϫ1 ) domains are, within experimental uncertainties, the same as those of the isolated single modules (Fig. 7 and Table II) .
Interaction of col-123 with CTT and P225-In vitro, MMPs are usually inhibited by compounds containing reactive zincchelating groups. The lack of specific gelatinase inhibitors is problematic for selective targeting of MMP-2 for therapeutic intervention in cancer. Recently it has been reported that the cyclic decapeptide CTT specifically inhibits the enzyme activity of MMP-2 and MMP-9 but not other MMP family members (22) . Significantly CTT is able to suppress tumor and endothelial cell migration in vitro and to prevent tumor growth and metastasis in mice. To date, the specific binding site of CTT in either MMP-2 or MMP-9 is unknown. Since MMP-2 and MMP-9 are unique among the MMPs in that they contain three FN2 modules, the question arises whether CTT binds to the col domains by interfering with their ability to bind to gelatin. Ligand titration of the MMP-2 col-123 construct with CTT showed, however, that none of the col domains interacted with the peptide (data not shown).
P225 corresponds to the six-residue N-terminal sequence within WHWRHRIPLQRLFHGLF, a 15-mer peptide originally identified via phage display (21) . It has been shown that His-⑀-aminocaproic acid-␤-Ala-His inhibits MMP-2 and MMP-9 and that the length of the spacer separating the terminal His residues is crucial to its inhibitory potential (41) . P225 happens to contain two His residues spaced by two amino acids. Moreover it encloses the segment WRH also found in two of the peptide ligands previously identified via phage display (21) . Against this background, we investigated the interaction of P225 with col-123.
Unlike the binding site for p33-42, the col-123 areas affected by the presence of P225 are quite broad and not restricted to the hollows exposed by the front surfaces of the modules (Fig.  8) . The residues most affected from P225 binding are Cys 15 , Cys 29 , and their neighbors in col-2 and col-3 and within segment 3-14 in the two linking sequences. The ligand titration profiles for residues at the gelatin-binding sites showed that P255 interacts with K a values of ϳ0.26, ϳ0.28, and ϳ0.09 mM Ϫ1 for col-123/1, col-123/2, and col-123/3, respectively (data not shown). By comparison, higher affinities are estimated from residues within the flexible linkers joining col-1 to col-2 and col-2 to col-3, namely ϳ0.52 and ϳ1.21 mM Ϫ1 , respectively. Conclusions-The higher affinity toward Hel3 relative to PPG6 exhibited by the col domains within col-123 (Table II) might be ascribed to the 6-fold higher content of GPP (or PPG) triplets in Hel3 (see Structure 1) . Simple mass action consideration would predict 6-fold higher K a values. Indeed we have observed (17) that PPG12 binds col modules with approximately twice the affinity of PPG6 (Table II) . However, in going from PPG6 to Hel3, the average K a of the individual modules within col-123 increases by a factor of ϳ7.45 (mean value), while in the case of the isolated col-2 and col-3 modules the binding affinity increases by factors of 2.7 and 2.9, respectively. For the in-tandem two-domain constructs, the average K a values decrease by a factor of 0.65 (mean value). Thus, an identical pattern emerges for both the second and third FN2 domains: Hel3 binds more strongly to the constituents of col-123 (col-123/2 or col-123/3) than to the isolated col modules (col-2 or col-3) and binds most weakly to the components of the twodomain constructs (col-12/2, col-23/2, or col-23/3). Although a similar direct comparison for the isolated col-1 was not feasible, we observed (Table II) that on going from PPG6 to Hel3 the K a values decrease for col-12/1 but increase for col-123/1.
Overall the isolated col domains interacted more readily with Hel3 than the in-tandem two-domain construct. The truncation of col-123 to either col-12 or col-23 would appear to attenuate dramatically the binding of the col modules to Hel3. Therefore it seems that the three repeats of col-123 interact in concert with Hel3, while two units in-tandem tend to interfere with each other despite convincing evidence for structural autonomy. It is possible that col-12 and col-23 assume non-optimal spatial orientations toward the triple helix ligand. It is tempting to hypothesize that the modulation of the binding affinity of the in-tandem col-123 construct toward Hel3 results from a more suitable relative orientation of each constituent FN2 module to maximize the adhesive surface that interacts with the triple helical Hel3. Alternatively one may propose that it is the triple helix configured by the three GPP12 chains that raises the binding affinity. Whatever the cause for this effect, the net result is a more favorable interaction of the col units with Hel3 than with either PPG6 or PPG12, suggesting a degree of cooperativity among the repeats in col-123. While the extent of cooperativity is unlikely to be high (there is not obvious sigmoidicity in the NMR binding curves; Fig. 6, c and   d) , this is possibly a consequence of the relatively low affinities for the investigated ligands under the in vitro experimental conditions of our study. It is conceivable that full manifestation of cooperative behavior may require a true collagenous fiber ligand as occurs in the extracellular matrix environment, the natural milieu where MMP-2 and MMP-9 operate.
Concerning CTT and P225, our study revealed that the former is unlikely to influence MMP-2 via interactions with its FN2 modules, and the latter, although less specific toward direct competition to gelatin access to the binding site, could still interfere with the binding by interacting with the intandem col repeats at other sites of their exposed surfaces. Regarding the mapped binding sites for p33-42 exposed by the three modules of col-123, they closely overlap those identified for the gelatin mimic PPG6 (discussed above). However, despite high sequence homology, the three FN2 domains of MMP-2 exhibited different substrate specificities (Table II) . The first two FN2 domains bound strongly to PPG6 and just very marginally to p33-42, whereas col-3 preferred p33-42 to PPG6. It has been suggested that Lys 38 may contribute to the different substrate preference of col-3 (17) since the Y38A mutation in col-2 weakens gelatin binding (40) (Fig. 9 ). An important result of this study is that the binding affinities increased on going from PPG6 to Hel3. For the latter, binding affinities also increased on going from the isolated modules to col-123, although this was not apparent in the relative and absolute affinities of the modules for p33-42. Thus, in contrast to what was observed for Hel3, there is no evidence of domain cooperativity toward p33-42. This suggests a selective role for the third domain in the physiological regulation of MMP-2 as the interaction between the prodomain and the col-3 is presumably aimed at stabilizing a compact, "closed state" conformation to the intact pro-MMP-2 molecule as illustrated by its crystallographic structure (19) . This is reminiscent of the role assigned to the plasminogen N-terminal peptide, which is known to interact with the kringle domains and thus regulate the proteinase propensity to activation (35) .
